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Samples of Calanus hyperboreus, a herbivorous copepod,
were collected (n = 20) between April and July 1998, and
water samples (n = 6) were collected in May 1998, in the
Northwater Polynya (NOW) to examine persistent or-
ganic pollutants (POPs) in a high Arctic marine zoo-
plankton. Lipid content (dry weight) doubled, water
content (* = 0.88) and 3'N (r* = 0.54) significantly de-
creased, and 8'3C significantly increased (> = 0.30) in the
C. hyperboreus over the collection period allowing an
examination of the role of these variables in POP dy-
namics in this small pelagic zooplankton. The rank and
concentrations of POP groups in C. hyperboreus over the
entire sampling was Y PCB (30.1+4.03 ng/g, dry
weight) > YHCH (11.8+3.23) > Y DDT (4.74+0.74),
Y CHLOR (4.44%+1.0) > Y CIBz (2.42+0.18), although
these rankings varied considerably over the summer. The
o- and y-HCH and lower chlorinated PCB congeners were
the most common POPs in C. hyperboreus. The rela-
tionship between bioconcentration factor (BCF) and oct-
anol-water partition coefficient (K,,) observed for the
C. hyperboreus was linear and near 1:1 (slope = 0.72) for
POPs with a log K,,, between 3 and 6 but curvilinear when
hydrophobic POPs (log K,,, > 6) were included. Concen-
trations of Y HCH, Y CHLOR and ) CIBz increased
over the sampling period, but no change in Y PCB or
Y'DDT was observed. After removing the effects of time,
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the variables lipid content, water content, 8N and 6C
did not describe POP concentrations in C. hyperboreus.
These results suggest that hydrophobic POP (log K, =
3.86.0) concentrations in zooplankton are likely to reflect
water concentrations and that POPs do not biomagnify in
C. hyperboreus or likely in other small, herbivorous zoo-
plankton. © 2001 Elsevier Science Ltd. All rights re-
served.

Keywords: stable isotopes; carbon-13; nitrogen-15; cope-
pod; bioaccumulation; seasonal trends.

Introduction

Organochlorine pollutants, commonly referred to as
persistent organic pollutants (POPs), have been studied
intensively over the past three decades because many are
persistent, bioaccumulative, toxic, and found in nearly
every matrix on the planet. This is clearly the case in the
Arctic, where despite limited use of these chemicals,
concentrations of POPs reach high levels in upper
trophic level organisms, such as polar bears (Ursus
maritimus) (Norstrom et al., 1988, 1998) and glaucous
gulls (Larus hyperboreus) (Braune, 1994). This phe-
nomenon occurs especially in the Arctic because of
long-range transport of POPs via the atmosphere, bio-
magnification of POPs through the food chains, and
large lipid stores in Arctic organisms (AMAP, 1998).
POPs accumulate in fatty tissue due to their highly hy-
drophobic nature. In general, indigenous people of the
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Arctic are at greater risk to POPs than populations from
more temperate regions due to the highly integrated role
of wildlife for food, particularly high lipid tissues, in
Arctic native society (AMAP, 1998).

Understanding the mechanisms of food chain transfer
of POPs is a key component of assessing exposure to,
and risk of POPs, in wildlife and humans. The majority
of research on POPs in the Arctic has focused on or-
ganisms that are consumed by humans, mainly fish,
birds and marine mammals. Because of this, the un-
derstanding of factors that influence POP concentra-
tions in these organisms are much greater (see for
example Hickie ef al., 1999; Weis and Muir, 1997) than
those that are not consumed by humans, such as marine
zooplankton. However, concentrations at the base of
food webs could have a profound influence on concen-
trations observed at higher trophic levels. Understand-
ing the factors that influence concentrations in lower
trophic levels will aid in understanding temporal vari-
ability in POP concentrations in various components of
the Arctic and for developing fate and exposure models.

Accumulation of POPs in higher trophic level or-
ganisms is predominantly through food (trophic trans-
fer) as opposed to water (bioconcentration). Although
this is obvious for air-breathing animals it is prevalent
for fish as well (Thomann and Connolly, 1984). Accu-
mulation through food can result in concentrations in
the consumer that are higher than predicted based solely
on lipid—water partition ratios and greater than those in
food (termed biomagnification) (Thomann and Conno-
Ily, 1984). Mechanisms, including bioconcentration or
trophic transfer, and factors such as lipid content or
trophic level, which influence POP concentrations in
small aquatic organisms, such as zooplankton, are more
poorly understood (Harding, 1986).

Calanus hyperboreus is a pelagic copepod that is very
abundant and a key link in many Arctic marine food
webs. C. hyperboreus can live 3—4 years in the Arctic
(Dawson, 1978; Hirche, 1997), and have a seasonal cycle
which consists of periods of dormancy at great water
depths, during which breeding and egg production and
release occurs, followed by periods of high feeding at
shallower depths (Hirche, 1997). This cycle results in
large changes in lipid content (20-50% of dry body
weight) (Lee, 1974) that may influence POP dynamics.

There are few data on POP concentrations in Arctic
zooplankton, due mainly to the low concentrations, and
subsequent large sample size required, and the difficulty
of collecting samples in the Arctic. An extensive multi-
disciplinary study on the Northwater Polynya (NOW)
afforded the opportunity to collect sufficient samples of
C. hyperboreus (n = 20) and water (n = 6) to examine
the temporal variability of POPs in a small pelagic
zooplankton from April to July during a period of high
feeding and large lipid gains. Polynyas are areas of open
water, often surrounded by sea ice, which can persist
throughout the winter in polar seas. They are one of the
most important and least understood phenomena in
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polar ecology (Stirling, 1980). The NOW, in northern
Baffin Bay, is a high Arctic Polynya that is the largest
and most productive in the Canadian Arctic. The life
history strategy of C. hyperboreus allowed an examina-
tion of the influence of lipid content and trophic posi-
tion, based on stable isotopes of nitrogen and carbon,
on POP concentrations. The ratio of the heavier to
lighter stable isotopes of nitrogen ('*N/“N), expressed
as 8N, generally increases with trophic position in
aquatic food chains. It provides a continuous variable
with which to assess both trophic level (Michener and
Schell, 1994; Hobson et al., 1995) and food chain
transfer of POPs (Kidd et al., 1998). Stable-carbon iso-
tope ratios (*C/'2C) show less enrichment with trophic
transfer but can be useful in evaluating sources of pri-
mary production in marine systems as well as general
patterns of inshore/benthic vs. offshore/pelagic feeding
preferences (Hobson and Welch, 1992; Lawson and
Hobson, 2000).

Methods

Sample collection

As part of a larger study, C. hyperboreus were col-
lected from numerous stations throughout the North-
water Polynya (Fig. 1) in April, May, June and July of
1998. Zooplankton samples were collected with vertical
tows of zooplankton nets (1 m?, 200 or 520 um mesh),
generally from bottom-to-surface, from the deck of the
research vessel Pierre Radisson. Samples from the nets
were immediately transferred to clean seawater. C. hy-
perboreus were sorted and separated shortly after col-
lection (<2 h), placed in plastic cyro-vials and frozen
until analysed for stable isotope analysis (SIA) and/or
POPs. Samples were split for SIA and POPs analysis.
SIA was performed on each sample from a station. Due
to small sample sizes and low POP concentrations,
samples were combined for contaminant analysis.
Samples that were combined came from stations that
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Fig. 1 Location of the Northwater Polynya and its approximate size
in May/June.
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were geographically close (within ~10 km) and collected
within 34 days of each other. A total of 20 samples
were analysed for POPs. Stable isotope values for the
POP samples reflected the SI values and the proportion
of the total mass of the POP sample of each individual
sample that contributed to the larger POP sample.
Two water samples (~80 I each) were collected in May
at each of three locations where C. hyperboreus had also
been collected. Water was pumped from 2 m below the
surface with a submersible pump into 40 1 stainless steel
cans on the deck of the ship. These cans were solvent
washed (acetone and hexane) prior to collection, and
were sealed until extracted. Samples were collected at
the bow of the ship and the ship was positioned into the
prevailing water current to minimize contamination.

Chemicals and standards

All solvents (pesticide grade) and sodium sulfate
(Na,SO,) were obtained from BDH (Toronto, Ont.,
Canada). Pesticide grade Florisil, 60-100 mesh was ob-
tained from the Floridin Corp. (Berkeley Spring, WV,
USA). Biobeads SX-3 used in the GPC column was
purchased from Analytical Biochemistry Laboratories
(Columbia, MO, USA).

Extraction, cleanup and analysis of samples for POPs

For C. hyperboreus, samples were freeze dried, spiked
with an internal standard (2,4,6-trichlorobiphenyl
(PCB30) and octachloronapthalene) and extracted with
dichloromethane (DCM)/hexane (1:1) using a Dionex
ASE 200 (Dionex Canada Ltd., Oakville, Ont., Canada)
accelerated solvent extractor. A fraction of the extract
was used to determine lipids gravimetrically. Lipids were
removed from the sample by gel permeation chroma-
tography (GPC). The lipid-free eluate, containing the
POPs, was evaporated to 1 ml and applied to a Florisil
column (8 g, 1.2% deactivated). The POPs were recov-
ered by consecutive elution with 35 ml hexane (Fraction
1 (F1)) and 38 ml of 85% hexane: 15% DCM (F2). F1
contained 90% of the chlorobenzenes, 75% of trans-
nonachlor, 50% of the o,p-DDE and o,p-DDT, 15% of
the p,p-DDT, 95% of the p,p-DDE, and 100% of the
PCBs. F2 contained 5% of p,p-DDE, 10% of the chlo-
robenzenes, 25% of trans-nonachlor, 50% o,p-DDT and
0,p-DDE, 90% of p,p-DDT, and 100% of o-hexa-
chlorocyclohexane (HCH), B-HCH, oxychlordane,
trans-chlordane, cis-chlordane, o,p-DDD, p,p-DDD and
cis-nonachlor. All fractions were roto-evaporated,
transferred to 2,2,4-trimethyl pentane and were evapo-
rated to approximately 100 pl. Aldrin was added as a
volume corrector. Samples (100 pl) were analysed on a
Varian 3600 gas chromatograph (GC) equipped with
a 60 m x 0.25 mm DB-5 column (J & W Scientific) and a
% Ni-electron capture detector (ECD). The carrier gas
was H, and N, was used as the make-up gas for
the ECD. External standards were run after every six
samples.

POPs were extracted from the water samples on the
ship. Each sample consisted of ~80 I (two 40 1 stainless
steel cans). Equal amounts of a recovery standard
(PCB 30) were spiked into each stainless steel can and
stirred with a stainless steel rod prior to extraction.
Water was pumped through oven-baked filters and
then extracted with XAD-2 resin. The XAD-2 resin
was kept at 2°C until analysed back at the lab. POPs
were extracted from the resin using a Soxhlet extractor
with methanol and DCM. The methanol and DCM
were exchanged with hexane and cleaned up and frac-
tionated on silica gel and analysed. Samples were
analysed on a dual column (DBI1 and DB)Y), single
injection gas chromatograph with and ECD detector.
The baselines for the chromatographs were identified
manually and the areas compared with external stan-
dards.

Stable isotope analysis

Prior to stable isotope analyses, all tissue samples
were washed in distilled water and then freeze dried,
powdered and treated with a 2:1 chloroform:methanol
solution to remove lipids. Samples were then dried
under a fume hood, soaked in 0.1 N HCI to remove
carbonates and allowed to dry without rinsing. Stable-
carbon and nitrogen isotope assays were performed on
1 mg subsamples of homogenized materials by loading
into tin cups and combusting at 1800°C in a Robo-Prep
elemental analyser. Resultant CO, and N, gases were
then analysed using an interfaced Europa 20:20 con-
tinuous-flow  isotope ratio mass  spectrometer
(CFIRMS) with every five unknowns separated by two
laboratory standards. Stable isotope abundances were
expressed in & notation as the deviation from standards
in parts per thousand (%o) according to the following
equation:

X = [(Rs'dmple/Rstandard) - 1] X ]000, (])

where X is *C or N and R is the corresponding ratio
BC/RC or PN/"™N. The Ryandgara values were based on
the PeeDee Belemnite (PDB) for *C and atmospheric
N, (AIR) for '®N. Replicate measurements of internal
laboratory standards (albumen) indicate measurement
errors of +0.1%0 and £0.3%o for stable-nitrogen isotope
measurements respectively.

Statistical analysis

Concentration data was log transformed prior to
statistical analysis to reduce skewness. Variation in the
contaminant data was examined at the Y POP group
level. Individual compounds that were included in each
of these groups are summarized in Table 1. The influ-
ence of five variables (water content, lipid content, col-
lection date, 3N and 8'3C) on concentrations were
examined using the general linear model

log, concentration = p + water + lipid + date + §"°N
+8BC +¢,
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TABLE 1

Proximate composition and concentrations (mean =+ 1 S.E.) of lipid and persistent organic pollutants in Calanus hyperboreus (ng/g, dry weight) and
water (ng/l) by month collected from the Northwater Polynya.

Pollution Bulletin

Month N Lipid% ? Water% S CIBz® S>THCH® S~ CHLOR!Y > DDT® S PCBf
Calanus hyperboreus

April 1 19.1 90.97 1.23 1.04 0.21 2.36 15.66
May 5 23.4+£2.6 88.64 £ 1.42 2.24+0.33 1.79 £0.33 1.0+0.33 2.97+0.34 29.6 £ 6.62
June 9 374+£1.38 82.59 £+ 1.04 236 £0.21 7.68 £2.62 493+ 1.77 495+ 1.51 33.8£8.20
July 5 426+1.4 76.62 £+ 0.67 2.95+0.48 31.3+£6.30 783 +1.14 6.62 £0.52 2724217
Total 20 393+2.1 83.03 £ 1.21 242 +0.18 11.8+£3.23 444+1.0 4.74+0.74 30.2 £4.03
Water

May 6 - - 0.024 £ 0.001 1.24+0.08 0.015 £ 0.002 0.009 £ 0.004 0.34 £0.08

4 Lipid% is dry weight.

bz CIBz (chlorobenzene) = sum of 1,2,4,5-triCIBz, 1,2,3,4-triCIBz, pentaCIBz and hexaClBz.

°> HCH (hexachlorocyclohexane) =sum of o-HCH, B-HCH and y-HCH.

dZCHLOR (chlordanes) =sum of heptachlor, heptachlor epoxide, cis-chlordane, trans-chlordane, cis-nonachlor, trans-nonachlor, and oxychlor-

dane.

°>"DDT =sum of p,p’-DDD, o, p-DDD, p, p’-DDE, o, p-DDE, p, p’-DDT and o, p-DDT.
TPCB = sum of congeners 1, 3, 4/10, 7, 6, 8/5, 19, 18, 17, 24/27, 16/32, 26, 25, 31, 28, 33, 22, 45, 46, 52, 49, 47, 48, 44, 42, 41/71, 64, 40, 74, 70/76, 95/
66, 56/60, 91, 84/89, 101, 99, 83, 97, 87, 85, 136, 110, 82, 151, 144/135, 149, 118, 134, 114, 131, 146, 153, 132, 105, 141, 130/176, 179, 137, 138, 158,
178/129, 175, 187, 183, 128, 185, 194, 196/203, 189, 208, 195, 207, 194, 205, 206 and 209.

where p is a constant and ¢ is an error term. The sig-
nificance of each variable was then assessed with type 111
sum of squares test using SAS for windows. Relation-
ships between bioconcentration factor (BCF) and Ky,
and between water content, lipid content, 8N, §3C
and > POP concentrations and collection date were
performed with simple linear regression using Systat for
Windows.

BCFs were determined using data for C. hyperboreus
that were collected at the same time (May) and location
as water samples. A total of five and six samples of
C. hyperboreus and water were used for these determi-
nations, respectively. BCFs were only determined for
POPs that were found in most samples, non-detected
samples were removed from the determination. BCFs
were determined using the equation:

BCF = [C. hyperboreus)/|water],

where [C. hyperboreus] is the mean concentration (ng/g,
lipid corrected) of the POP in C. hyperboreus and [water]
is the mean concentration (ng/ml) of the POP in water.

Results and Discussion

Lipid, water, 83"*C and 5"*N

The percentage of lipid (dry weight) significantly in-
creased (2 = 0.84), and the water content decreased
(* = 0.88), over the sampling period from 23 April to 20
July in the C. hyperboreus (Table 1 and Fig. 2). During
this time lipid content doubled on a dry weight basis and
increased sixfold on a wet weight basis. Increases in the
lipid burden over the summer months in Arctic C. hy-
perboreus are well documented (Conover and Siferd,
1993; Lee, 1974), and reflect preparation for dormancy
and reproduction during winter (Hirche and Niehoff,
1996).

96

A significant increase in 8'3C (> = 0.30) and decrease
in 8N (> =0.54) was observed with time in the
C. hyperboreus (Fig. 2). Lipids are typically more neg-
ative in 8'3C value compared to other tissues (DeNiro
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Fig. 2 Relationships between percent water, lipid percentage, 8°C,
81°N and dry weight concentrations of > POP groups in C.
hyperboreus collected from the Northwater Polynya between
April and July 1998.
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and Epstein, 1978) and so higher lipid content in sam-
ples would result in lower 8'3C values in samples. Thus,
we are confident that our lipid extraction procedure was
thorough and was not related to seasonal changes in
copepod 8'3C values. C. hyperboreus are herbivores and
changes in stable isotope signatures do not likely reflect
a large change in trophic level. Increasing 3'*C in the
C. hyperboreus may have reflected a change in the
phytoplankton species composition (Fry, 1996) that was
consumed by C. hyperboreus over the collection period.
Fast growing diatoms have been found to have '*C-rich
isotopic composition that resulted in a shift to higher
83C in grazing zooplankton but with no change in
trophic level (Fry and Wainright, 1991). Diatom abun-
dance in the NOW increased over the sampling period of
this study. Alternatively, if ice algal consumption in-
creased during the study copepod 8'*C values would be
expected to also increase since algae can be significantly
enriched over phytoplankton (Hobson and Welch, 1992;
Hobson et al., 1995; France, 1995). This may have been
the case during April and May before significant phy-
toplankton production in the NOW, but would have
quickly diminished thereafter. Changes in 8N may
reflect a change in stable isotope signatures as the
C. hyperboreus moves from a period of dormancy and
low metabolic activity in the winter to one of high
feeding during the spring and early summer. During the
winter C. hyperboreus do not feed but breed and pro-
duce eggs (Hirche and Niehoff, 1996) and therefore have
to draw upon reserves. During this time, utilization of
stored protein and amino acids may result in additional
fractionation favoring the heavier isotope of nitrogen

and leading to an increase in 3'°N. Renewed feeding in
the spring would then result in a decrease in the 3'°N
signature in C. hyperboreus. Nutrient stress in birds was
shown to result in an increase in 8'N (Hobson and
Clark, 1992), but evidence of such an effect in inverte-
brates is lacking.

Relative abundance and concentrations of POPs in
C. hyperboreus and water

Concentrations (dry weight) of POP groups in
C. hyperboreus are summarized in Table 1. Ranked from
highest to lowest and over the entire sampling,
>>PCB > > HCH > > DDT, >  CHLOR > ) CIBz.
In May, > HCH was less prominent and the rela-
tive ranking was > PCB >3 DDT > > CIBz >
>>HCH > > CHLOR. These rankings differed in the
water samples collected in May, where > HCH was the
dominant POP group followed by > PCB > > CIBz >
>>CHLOR > > DDT. The higher prevalence of
>-DDT and ) CIBz in C. hyperboreus in May com-
pared with water likely reflects the greater bioaccumu-
lation potential of these more hydrophobic chemicals
(see below).

The most prominent individual POP in C. hyperboreus
and water was o-HCH. PCB congener profiles in the
C. hyperboreus and water were dominated by the lower
chlorinated congeners when compared to Aroclor mix-
tures (Fig. 3), and in general, the most common POPs
were those that were less chlorinated. Higher chlori-
nated PCBs, e.g., CB 180 or 206, were rarely detected.
Higher chlorinated POPs are seldom observed in marine
zooplankton or water, even from temperate oceans

CB X/CB138

Calanus hyperboreus

Water

Aroclor 1242:1254:1260

CrErrrOrrrr T e e e e

Fig. 3 Relative PCB congener (CB X/CB 138) profiles in C. hyperboreus,
water and Aroclor 1242:1254:1260.
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(Weisbrod et al., 2000; Hargarve et al., 2000; Harding
et al., 1997). Following a-HCH, the most common
chemicals in C. hyperboreus ranked by concentration
were: CB 31, CB 95/66, y-HCH, CB 28, CB52, HCIBz,
CB 6, cis-chlordane and p,p’-DDE. In water, a-HCH
was followed by: yv-HCH, B-HCH, CB 52, CB 43/49, CB
95/66, CB 101, CB118 and CB 18. a- and y-HCH are
generally the most common POPs measure in Arctic
seawater (Hargrave et al., 1997).

There are very limited data on POPs in Arctic zoo-
plankton, particularly marine, and none for individual
zooplankton species. Bidleman et al. (1989) reported
POP concentrations for marine zooplankton, which in-
cluded C. hyperboreus and two other species, collected
under ice in the Arctic ocean in 1986 and 1987. Al-
though lipid content and relative concentrations be-
tween POP groups varied between years in that study,
concentrations were similar to those found for C. hy-
perboreus in the present study. Hargrave et al. (1992)
reported comparable POP concentrations for mixed
zooplankton (>509 um), including C. hyperboreus,
collected at the same time and place as those reported in
Bidleman ez al. (1989). > PCB concentrations of 12.1
ng/g (wet weight) were reported for freshwater zoo-
plankton collected in 1993 in SE Ellesmere Island
(AMAP, 1998), close to those reported in this study. All
of the data reported above were collected at similar
latitudes and suggest that POP concentrations in smaller
pelagic marine zooplankton have not decreased signifi-
cantly between the late 1980s and 1998.

Water concentrations of POPs in the NOW water
were similar to concentrations reported previously for
Canadian Arctic seawater, with some notable excep-
tions. Concentrations of ) CIBz, > CHLOR and
> - DDT in Canadian Archipelago seawater collected in
1992 (Bidleman et al., 1995) are nearly identical to those
reported in this work. However, concentrations of
> HCH reported for the Canadian Archipelago in 1992
(Bidleman et al., 1995) and Barrow Strait in 1993
(Hargrave et al., 1997) are 4-5 times higher. These re-
sults suggest minor changes in seawater concentrations
of most POPs but concentrations of HCH isomers are
declining, consistent with observations of data from the
1990s and 1980s (Hargrave et al., 1997).

BCF-K, relationships

It has been suggested that if POP concentrations in
the lipid of aquatic organisms are at equilibrium with
water concentrations, simple one-to-one log—linear re-
lationships between BCF (using lipid-corrected data for
the organism) and K,, should be observed (Mackay,
1982). However, BCFs of very hydrophobic POPs
(log Kow > 6.0) have been shown to deviate below this
1:1 relationship in laboratory experiments (Gobas et al.,
1989; Fox et al., 1994) and field measurements (Bremle
et al., 1995). An analysis of a large data set of BCF
values found that the BCF-K,,, relationship was linear
for POPs with a log K, range of 3-6, but that a curvi-
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linear model provides a stronger fit when very hydro-
phobic chemicals were included (Devillers et al., 1996).
The BCF-K,,, relationship observed for the C. hyper-
boreus in this work was linear, and near 1:1, for POPs
with a log K,,, between 3 and 6 but curvilinear when all
POPs were included (Fig. 4), consistent with the previ-
ously reported relationships. Hargarve et al. (2000),
using POPs with a log K, range of 3.85-6.53, reported
log BCF-log K, slopes for Arctic marcozooplankton
(b =0.61-0.97) that were very similar to the slope re-
ported in this study (b = 0.72, Fig. 4).

The curvilinear phenomenon observed for the BCF-
K, relationships has been attributed to a number of
factors including overestimation of bioavailable water
concentrations (Gobas et al., 1989), inaccurate K,s
(Chiou, 1985), octanol being a poor surrogate for lipids
(Chessell et al., 1992) elimination into feces (Gobas et al.,
1989) and/or insufficient time to reach equilibrium
(Hawker and Connell, 1985). Most of these variables
cannot be assessed in this study but there is evidence
that the C. hyperboreus have not achieved equilibrium
with the water due to the rapid increase in lipid in the
C. hyperboreus over the collection period. Laboratory
depuration-experiments with marine copepods have
found the half-lives of hydrophobic POPs (such as DDT
logK,, = 6.19 (Mackay et al., 1989)) to be > 10 days
(Harding and Vass, 1979). Such a half-life would require
greater than 20 days to approach equilibrium. The time

8
/
one-to-one relationship.\/ J 4
7 - /
PY /

m ° -
7 : / o®
g linear regression Pl )
- 6 - for all POPs c
-] B4
= [ J
N
L
O 51
m
o)) quadratic regression
o for all POPs

N )i\

/./ linear regression for
/ POPs with log Kow < 6.0
/
3 T T T T
3 4 5 6 7 8
log Kow

Fig. 4 Log BCF-logK,, relationships for C. hyperboreus collected in
May. BCF=[C. hyperboreus, lipid weight, n = 5]/[water,
n = 6]. The dash line represents a 1:1 relationship between
logBCF and logK,,. Linear regression for all POPs
(log BCF = 3.6 + (0.3510g Kyy), 7> = 0.25, p < 0.001) and for
POPs with a logK,y < 6.0 (logBCF = 1.7 + (0.72log Kow ),
r? =0.39, p<0.01) are solid lines identified on the graph.
Quadratic regression for all POPs (logBCF = -2.3+
(2.41logKoy) — (0.210gK2,), #* = 0.32, p < 0.001) is the dash
line.
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required for a Calanus spp to come to equilibrium with
water concentrations of DDT in laboratory experiments
at 6°C was reported to be 3-4 weeks (Darrow and
Harding, 1975). Cold temperatures slow the kinetics of
POPs (Nawaz and Kirk, 1995), so the time to equilib-
rium in the cold waters of the NOW would likely be
even slower (Harding and Addison, 1986). Therefore,
very hydrophobic POP concentrations may not reach
equilibrium between C. hyperboreus and water if lipid
levels were increasing in C. hyperboreus. As well, if water
concentrations of the POPs change seasonally, which is
observed in the Arctic (Hargrave et al., 1997), than the
slow kinetics of very hydrophobic POPs may mean that
zooplankton never achieve equilibrium with water.
Conversely, during winter, as lipids decline in C. hy-
perboreus, BCFs would likely be greater than their cor-
responding K, values for these very hydrophobic POPs.
In this case, high BCFs could be misinterpreted as being
caused by trophic transfer or biomagnification.

An alternative explanation for the lower than ex-
pected BCFs for the very hydrophobic POPs could be
that surface waters collected over-estimate POP con-
centrations that the C. hyperboreus were exposed. The
water analysed was collected at the surface and zoo-
plankton were collected by bottom to surface net tows.
Concentrations of some free dissolved POPs decline
with depth (Harner et al., 1999). If the C. hyperboreus
were exposed at depth to lower concentrations of POPs
then the decline in the BCF—K,, relationship that we
observed would be expected.

Log BCFs of POPs that are substantially higher than
those predicted by log K, have been shown to be due to
trophic transfer, i.e., dietary accumulation (Thomann
et al., 1992). Because of this, BCF is not a good pre-
dictor of hydrophobic POP concentrations in aquatic
organisms for which dietary accumulation results in
biomagnification (Oliver and Niimi, 1985). The near 1:1
relationship observed for BCF—K,,, (slope = 0.74) for
POPs in C. hyperboreus in the range of log K,,, between
3.8 and 6.0 (Fig. 4) suggest that POPs do not biomag-
nify in small herbivorous zooplankton. Kwano et al.
(1986) found 1:1 relationships between BCF and K, for
chlordane compounds (log K,ws in the range 5-6) in the
North Pacific zooplankton and concluded that zoo-
plankton concentrations were governed by seawater
concentrations. Near 1:1 relationships were observed
between log BCF (reported as BAFs but calculated as
concentration in zooplankton over water) and log K,
for POPs (logK,, range of 3.86-6.53) in Arctic zoo-
plankton (Hargarve et al., 2000). Hargrave et al. (1992)
concluded that biomagnification was not occurring in
zooplankton based on the fact that POP concentration
in Arctic zooplankton were similar to particulate matter
and did not increase with zooplankton size. Concen-
trations of Y PCBs were lower in copepods than in
diatoms, potentially due to metabolism in the copepod,
in samples collected in the Baltic Sea (Kannan et al.,
1995).

The suggestion that POPs do not biomagnify signifi-
cantly in small pelagic zooplankton does not suggest
that trophic transfer was not occurring in these organ-
isms. Lab experiments have shown that small marine
zooplankton efficiently assimilate POPs from water and
food (Harding and Vass, 1979; Harding et al., 1981). In
the ocean, zooplankton likely accumulate POPs from
both water and food. The reason that BCFs were not
greater than K, in zooplankton, but are in larger or-
ganisms such as fish is likely due to body size and rel-
ative trophic position. Smaller organisms have a greater
respiratory surface to body weight ratio (Harding and
Addison, 1986), which would increase their ability to
both accumulate POPs from and eliminate to water.
Elimination rates of POPs in aquatic organisms are in-
versely rated to body size (Fisk et al., 1998), even for
different size class of invertebrates (Landrum, 1988).
Fish do not eliminate POPs, with log K,s > 3, quickly
enough to compensate for accumulation through
trophic transfer. Therefore, BCFs are higher than K, in
fish because equilibrium with the surrounding water is
not achieved. Hydrophobic POPs have been shown to
increase in concentrations with trophic level in aquatic
food chains (Kidd er al., 1998), and the greater the
trophic level of an organism the higher its POP con-
centration (Rasmussen et al., 1990). Therefore, the dis-
crepancy between hydrophobic POP concentrations in
food and water is much smaller for C. hyperboreus, a
second trophic level organism, than for higher trophic
level organisms.

Relationships with stable isotopes and seasonal trends
ANOVA, using type III sum-of-squares, found that
water content, lipid content, date, "N and §"*C were
not significant variables describing POP concentrations
in C. hyperboreus. Type 111 sum-of-squares examines the
influence of a variable after removing the variability
associated with all other variables. Using type I sum-of-
squares, which assigns variability to variables in the
order in that they are placed in the model, found that
water content, lipid content or date, whichever variable
was placed in the model first, significantly described the
concentrations of > CIBz, > HCH and }  CHLOR. No
variables significantly described } DDT and ) PCB
concentrations. Dry weight concentrations of 3 CIBz,
>>HCH and > CHLOR increased over the sampling
period, although there was a large amount of variability
(Fig. 2). Lipid weight concentrations of > HCH and
> CHLOR increased with time, and lipid weight con-
centrations of Y CIBz decreased with time. > DDT
concentrations, dry or lipid weight, and dry weight
concentrations of > PCB were not significantly related
to time. Lipid weight concentrations of Y PCB signifi-
cantly declined with time. The fact that lipid and §'3N,
and 8"°C and water content, failed to describe a signif-
icant amount of the variability in POP concentrations
provides further evidence that water concentrations are
the determining factor in concentrations of POPs in
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small herbivorous marine zooplankton. It also suggests
that changes in lipid content and 8N may not provide
useful information on POP concentrations in these or-
ganisms.

Values of 3N have been shown to be positively
correlated with lipid concentrations of POPs in aquatic
food webs (Fisk et al., 2001; Kidd et al., 1998), although
demonstration of this phenomenon in an individual
species is lacking. The decrease in 8'>N observed in the
C. hyperboreus should have resulted in a decrease in
POP concentrations. This was observed for lipid cor-
rected concentrations of > CIBz and ) PCB, although
these relationships were weak, but was not observed for
>-DDT, )" CHLOR or ) HCH. Although the increase
in lipid observed in the C. hyperboreus might have
confounded these relationships, 8'N values have been
shown to be correlated to POP concentration above and
beyond the effects of lipid (Kidd et al., 1998). The lack
of strong relationships between POP concentrations and
8N may be due to the fact that seasonal changes in
copepod 89N values do not reflect trophic level changes
but rather metabolic changes in C. hyperboreus. Such
metabolic changes should be independent of POP
kinetics.

The evidence that water is the over riding factor
controlling zooplankton POP concentrations suggests
that because there were changes in Y CIBz, > HCH
and > CHLOR concentrations in C. hyperboreus over
the sampling period that concentrations of these POPs
in the NOW water also changed. No changes in > DDT
or Y PCB were observed in the C. hyperboreus. Sea-
sonal trends in water concentrations of POPs in the
NOW are not available. Evidence that changes in zoo-
plankton POP concentrations mirror those in water
have been observed in other studies. Lipid concentra-
tions of a-HCH and }_ PCB increased 4.2 fold and re-
mained the same, respectively, between May and August
1986 in Arctic marine zooplankton (Hargrave et al.,
1992), which was similar to those observed for lipid
concentrations in this report. Hargarve et al. (2000) re-
ported that POP concentrations decreased in Arctic
zooplankton over the onset of open water consistent
with deceases in water concentrations of these POPs.
Changes in lipid concentrations of > CIBz, > HCH and
> CHLOR observed in the NOW C. hyperboreus could
be due to changes in the relative source of waters in the
NOW. The contribution of water from Baffin Bay and
Arctic Ocean (via the Kane Basin) increased and de-
creased, respectively, over the sampling period. Har-
garve et al. (2000) suggested that increases in suspended
particulate matter resulted in decreased bioavailable
water concentrations of POPs. Biological production
increased in the NOW over the sampling period used in
this study and may have influenced the POP concen-
trations observed in C. hyperboreus.
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